Abstract The through-hole porous anodic aluminum oxide (AAO) membranes were fabricated by a simple two-step anodization of aluminum in 0.3 M oxalic acid, 0.3 M sulfuric acid, and 2 wt.% phosphoric acid solutions under different operating conditions followed by the removal of the remaining Al substrate and the pore opening/widening process. The effect of duration of the second anodizing step on the thickness of the porous oxide layer and the influence of other anodizing conditions such as applied voltage, type of electrolyte, and purity of the substrate on the rate of porous oxide growth were discussed in detail. The pore opening procedure for all synthesized membranes was optimized, and the influence of the duration of chemical etching on structural features of AAO membranes, especially pore diameter, was studied. The rate of pore widening was established for AAO membranes formed in various anodizing electrolytes and for different temperatures of 5 wt.% H 3 PO 4 used for alumina dissolution.
Introduction
Recently, a great scientific interest has been focused on all aspects of nanoscience and nanotechnology that have the potential to produce novel materials and devices with tremendous improvement in performance and reliability, and at substantially lower cost. Many research groups have been intensively working on fabrication of various nanostructured materials that can offer unique properties and open a lot of new perspectives in almost all disciplines [1] . Considerable attention is given to an inexpensive fabrication of periodically ordered nanomaterials such as nanowire [2] [3] [4] , nanotube [5, 6] , and nanopore arrays [7] . Over the last decade, many interesting strategies for nanofabrication have been proposed. Among them, template-assisted methods seem to be the most popular approaches for fabricating one-dimensional materials such as nanowires and nanotubes [8, 9] .
Nanoporous anodic aluminum oxide (AAO) with hexagonally arranged pores, which have the diameter from tens to few hundred of nanometers, and with the thickness up to 100 μm can be easily fabricated by a simple two-step anodization of aluminum in acidic electrolytes [10, 11] . The process results in the formation of the porous alumina layer that consists of hexagonal cells with nanopores at their centers. At the bottom of pores, a continuous and dielectric oxide layer, called barrier layer, is built [12] . The simplicity and low cost of this procedure make AAO membranes one of the most popular template materials used for nanofabrication [13] . A great number of reports on the AAO template-assisted fabrication of metallic, semiconductor, polymeric, organic and inorganic nanomaterials such as nanowires, nanotubes, nanodots, and nanoporous structures have been published during the last few years [13] . A primary advantage of nanoporous AAO templates is the fact that all structural features of the templates, including pore diameter, interpore distance, barrier layer thickness, and oxide layer thickness, etc., can be easily tailored to desired values by adjusting anodizing conditions, especially applied voltage, process duration, and the type and concentration of the electrolyte [12] . Nowadays, in most cases, nanoporous AAO membranes are fabricated by a voltage-controlled two-step anodization performed in sulfuric acid [14] [15] [16] , oxalic acid [17, 18] , and phosphoric acid [19, 20] solutions. It is widely recognized that the best nanopore order in self-organized AAOs is observed at a certain value of the anodizing voltage that is different for each electrolyte. For anodizing carried out in sulfuric acid, oxalic acid, and phosphoric acid, this voltage is exactly 25 V, 40 V, and 195 V, respectively [12] .
The characteristic parameters of AAO templates such as pore diameter, interpore distance, "barrier layer" thickness, and rate of oxide growth are strongly dependent on applied voltage [12] . It is widely recognized that both the pore diameter and the interpore distance are linearly proportional to the anodizing potential with proportionality constants of about 1.29 nm V −1 [21] and 2.5 nm V −1 [22] , respectively.
On the other hand, the pore diameter does not change significantly with increasing anodizing time. For a very long process, a small widening of pores can be observed especially near the oxide/electrolyte interface. This fact can be attributed to an extended contact of oxide with an acidic electrolyte and the effect of field-enhanced dissolution of Al 2 O 3 [23] . Other factors that might have an influence on the pore diameter are: the electrolyte concentration (a more acidic electrolyte is used for anodizing larger pore diameter is observed), temperature (increasing temperature increases pore diameter), and even a solution stirring speed [12] . The effect of anodizing temperature on the interpore distance depends on the type of anodizing electrolyte used. In case when anodizations are carried out in oxalic acid, the dependence between the interpore distance and anodizing temperature is almost negligible [24] . For sulfuric acid used as an electrolyte, increasing temperature results in an increase in the interpore distance [16] . On the other hand, the barrier layer thickness depends not only on the applied potential but also on other conditions such as a type of electrolyte and the process duration. Therefore, the anodizing ratio, defined as a barrier layer thickness per volt, varies from 0.8 to 1.15 nm V −1 [12] . Summing up, the structural features of AAO templates can be fine-tuned by changing the anodization voltage. Moreover, the pore diameter can be easily enlarged by post-anodizing etching of formed oxide. In order to obtain a through-hole nanoporous AAO membrane with a certain pore diameter, usually posttreatment procedures are applied including a wet-chemical route to the selective and uniform removal of the remaining Al substrate followed by etching of the barrier layer. The pore opening process can be performed using a dry etching with an Ar + ion beam [25] [26] [27] [28] , Ga + ion beam [29, 30] , BCl 3 reactive ions [31] , and CF 4 reactive ions [32] . Although the dry etching process is capable of removing the barrier layer on a selected surface area (opening of even single pore), the technique requires an expensive and sophisticated equipment. Therefore, the most widespread method used for the opening of pores is a wet chemical etching usually carried out in a phosphoric acid solution [24, 33, 34] . It is worth to emphasize that the rate of chemical etching of the barrier layer depends especially on the electrolyte concentration and temperature. That is why the procedure of barrier layer removal should be carefully optimized [12] . The process of pore opening and widening was studied by Xu et al. [33] for samples anodized in 0.3 M H 2 C 2 O 4 at 40 V and 12°C. The rate of dissolution of the barrier layer in 5 wt.% H 3 PO 4 and 30°C was estimated to be approximately 1.3 nm min −1 .
It was found that the dissolution rate decreases inside the pore channel with increasing the depth of pores. The authors proposed inhomogeneous dissolution of alumina and distinguished horizontal and vertical dissolution rates. The first one is mainly responsible for the barrier layer removal, whereas the vertical rate plays a key role in the widening of pores.
In this work, we presented some results on fabrication of through-hole nanoporous AAO membranes with various pore diameters. We focused our attention on optimization of the second anodizing step duration and determination of the oxide growth rate under different conditions. Additionally, the pore opening/widening procedure is discussed in detail for AAO membranes formed by two-step anodization of the high-purity Al foil carried out in different anodizing electrolytes and different anodizing potentials. For dissolution performed in 5 wt.% phosphoric acid at various temperatures, the vertical dissolution rates (pore widening rates) were estimated for AAO membranes formed in different electrolytes and anodizing potentials.
Experimental
A high-purity aluminum foil (0.5-mm thick, 99.999% in purity, Goodfellow) as well as commercially available AA1050 alloy were used as starting materials. The composition of AA1050 was minimum of 99.5% Al with Fe <0.30% and Si <0.2% as principal alloying elements. The substrates were cut into specimens with dimensions of 25×5×0.5 mm. A two-step anodizing procedure was used for the generation of self-ordered nanoporous AAO membranes. The experimental procedure is schematically shown in Fig. 1 .
At first, samples were degreased in acetone and ethanol. Then, the electrochemical polishing was performed in a mixture of perchloric acid (60 wt.%) and ethanol (1:4 vol.) under the constant current density of 0.5 A cm −2 or constant voltage of 20 V for 1 min at 10°C (Fig. 1a) . The oxide layer formed on the Al surface during the first anodization ( Fig. 1b) was chemically removed by immersing in a mixture of 6 wt.% H 3 PO 4 and 1.8 wt.% H 2 CrO 4 at 45°C for 12 h (Fig. 1c ). After that, the second anodization was performed under the same conditions as were used in the first electrolysis (Fig. 1d ). The anodizing conditions used for fabrication of AAO membranes are collected in Table 1 . The remaining Al substrate was removed by immersing the specimen in a saturated HgCl 2 solution (Fig. 1e ). After degreasing in ethanol, a chemical etching of the barrier layer at the pore bottoms was performed in H 3 PO 4 solution. The AAO membrane was put on a microscopic slide glass, dipped into a non-stirred solution, and kept in a water bath for a specified period of time. The top layer of the oxide membranes adhered to the microscopic slide glass, and the bottom side of membranes was exposed to the acidic solution. By monitoring the duration of the pore opening process, membranes with a different pore diameter were obtained (Fig. 1f) . The operating conditions used for pore opening/widening are collected in Table 1 . After the pore opening, AAO membranes were cleaned in water and ethanol and dried. The sample morphology was determined with a field-emission scanning electron microscope (FE-SEM. Hitachi S-4700). The structural features of AAO membranes such as oxide layer thickness (Θ), interpore distance (D c ), and pore diameter (D p ) were calculated on the basis of FE-SEM images by using the scanning probe image processor WSxM v. 12.0 [35] and ImageJ software [36] . The pore density (ρ) and porosity of membranes (σ) were calculated from the well-known equations [12] :
Results and discussion
In order to obtain nanoporous AAO membrane with a precisely controlled thickness of the oxide layer, the adjustment of second anodizing step duration is a very important issue. In general, the rate of oxide growth depends mainly on the type of electrolyte and its concentration, anodizing voltage, temperature of the process, as well as on the type of starting material. The two-step anodizing experiments were carried out under different conditions with the purpose of studying the influence of the anodizing parameters on the rate of oxide growth. The dependence of the oxide layer thickness on the duration of the second anodizing step is shown in Fig. 2 for various operating conditions and starting materials. In all cases, strong linear relationships between the thickness of oxide layer and anodizing time were obtained. The calculated rates of oxide growth are collected in Table 2 .
It is clearly seen that the rate of oxide growth depends on the type of electrolyte for processes carried out at similar temperatures. For the high-purity Al foil used as a starting material, the highest rate was observed for the anodization performed in a sulfuric acid solution. A slight decrease in the rate of oxide growth was recorded when the anodization was carried out in oxalic acid, and the lowest growth rate was observed in a phosphoric acid solution. When the AA150 alloy is used as a starting material, the oxide growth rates are significantly smaller, as can be seen in Table 2 . The causes of this phenomenon were described in our previous works [37] .
On the other hand, the oxide growth rate increases considerably with increasing anodizing temperature. For instance, the oxide growth rates for anodizations performed in oxalic acid at 20°C are almost seven times higher than the growth rates at 1°C. This is a significant advantage from the economical point of view because the higher temperature of the process causes faster production of thick AAO membranes and lower costs of investment and power consumption for cooling. Since AAO membranes are often used as hard templates for synthesis of nanostructured materials, the regularity of nanohole arrangement is also an important aspect for anodizing process optimization. A similar, high degree of pore order within the AAO membranes was observed independently of anodizing temperature [18, 38] . Our previous result showed that AAO membranes with a satisfying pore order degree can be fabricated also at the temperature of 20°C.
Another important parameter is anodizing voltage. For the process carried out in 0.3 M oxalic acid at 20°C, an increase in the applied voltage from 45 to 60 V results in a significant increase of the oxide growth rate of about 9 μm h −1 (Table 2 ). Simultaneously, it should be mentioned that increasing applied voltage increases the pore diameter and interpore distance (see Table 1 ) as well as deteriorates the regularity of nanopore arrangement (the best nanopore arrangement for anodization carried out in oxalic acid is around 40-45 V) [17] .
As can be seen in Table 2 , the oxide growth rate decreases in most cases with increasing duration of the process. This behavior can be explained by the diffusionlimited electrochemical oxidation of aluminum at the pore bottoms. It is widely recognized that nanoporous Al 2 O 3 is electrochemically formed at the metal/oxide interface [12] . For the extended anodization, the built oxide layer is thick, and the time required for diffusion of reactant species over the whole pore length is much longer. So, when the nanoporous layer grows, the diffusion of electrolyte to the pore bottoms becomes more difficult, and the process of oxide formation slows down.
The as-prepared nanoporous AAO membrane, after the removal of remaining Al substrate, has still closed pore bottoms due to the presence of continuous barrier layer. Therefore, the last step of through-hole membrane preparation is a pore opening/widening carried out in a phosphoric acid solution. It should be mentioned that the thickness of barrier layer is not the same for all AAO membranes and depends on the type of electrolyte and anodizing conditions, especially applied voltage. Moreover, the etching rate of AAO strongly depends on the concentration of H 3 PO 4 and the process temperature. Figure 3 shows the FE-SEM images of the bottom side of AAO membranes formed by anodizing of the high-purity Al foil in 0.3 M sulfuric acid at 25 V and 1°C. The duration of the first and second anodizing step was 8 and 10 h, respectively. The pore opening procedure was carried out in 5 wt.% H 3 PO 4 at 30°C.
It is clearly visible that after 16 min of pore opening, pores are still closed (Fig. 3a) . After 20 min, the barrier layer is removed, and the diameter of pores, calculated on 
Al 99.999% (Fig. 3b) . When the duration of the pore opening/widening process is extended to 24 min, the average pore diameter increases to about 24 nm (Fig. 3c) . The dissolution of alumina occurring in the vertical direction, being the pore widening rate estimated for already opened pores, was calculated for anodization performed in 0.3 M H 2 SO 4 , and obtained value is shown in Table 1 . The pore opening/widening procedure for AAO membranes formed by two-step anodizing in oxalic acid at 45 V and 20°C was investigated for both substrates, high-purity Al and AA1050 alloy, in our previous work [38] . The pore opening/widening process was carried out in 5 wt.% H 3 PO 4 at 20°C. It was found that the rate of oxide etching was lower for membranes synthesized from the AA1050 alloy than for those fabricated by anodizing of the high-purity substrate. This was attributed to the accumulation of alloying elements, especially silicon species, in the barrier layer [38] . In general, the rate of oxide wet etching depends considerably on the temperature of the process. For AAO membranes formed by anodizing of the high-purity Al in 0.3 M H 2 C 2 O 4 at 45 V, an increase in the temperature of the pore opening process from 25°C to 35°C allows a significant reduction of the time required for a complete removal of the barrier layer. The pore widening rates were also estimated for anodizations performed in 0.3 M H 2 C 2 O 4 at various experimental conditions and collected in Table 1 . The different rates of pore widening estimated at the pore bottoms and mouths for samples anodized in oxalic acid are attributed to the different contents of oxalic anions incorporated in the oxide film [12] . The average pore diameter as calculated from the bottom side of AAO membranes formed by anodizing in 0.3 M oxalic acid at 45 V and 20°C for different durations of the pore opening is shown in Fig. 4a (red line) .
After 30 min of the pore opening performed in 5 wt.% H 3 PO 4 at 35°C, the pore diameter was estimated to be about 14 nm, while still closed pores were observed even after 40 min of pore opening carried out at 20°C [18] . Figure 5 shows the FE-SEM images taken from the bottom side of the AAO membranes, fabricated by two-step anodization of the high-purity Al substrate in 0.3 M oxalic acid at 60 V and 20°C, after different durations of the pore opening/widening. The pore opening was carried out in 5 wt.% H 3 PO 4 at 45°C. The dependence between pore diameter and duration of the chemical etching is illustrated in Fig. 4b (red line) .
All the values of the average pore diameter discussed before were calculated by the ImageJ software on the basis of FE-SEM images taken from the bottom side of AAO Fig. 2 The dependence between the oxide layer thickness and duration of the second anodizing step under different experimental conditions membranes. Notice, importantly, that just after the second anodizing step, nanochannels in AAO membrane have their own starting diameter that increases during the pore opening process. To illustrate this effect, we calculated also the average pore diameter from the FE-SEM top-view images of AAO membranes. The relationships between the pore diameter calculated from the top side of AAO membranes and duration of the pore opening process are shown in Fig. 4a (blue line) and b (blue line) for samples anodized in 0.3 M oxalic acid at 20°C under 45 V and 60 V, respectively. As can be seen, the wet etching of the barrier layer carried out in a phosphoric acid solution widens also the mouth of nanopores. At the top side of the AAO membrane, the rate of chemical etching is slightly lower than at the bottom side due to the adhesion of the top side of the membrane to the microscopic glass. The bottom side of the AAO membrane is directly exposed to the etching solution. Therefore, the pore diameter at the top side of AAO widens slower than that at the bottom side. This is the reason why the duration of the pore opening/ widening process should be carefully optimized. If the immersing time is too long, the pore structure at the top side of the AAO membrane might be completely damaged by an acidic solution. At the same time, the bottom side of the membrane could be still well ordered. The problem is illustrated in Fig. 6 , which shows the FE-SEM image of the top side of the AAO membrane formed by anodizing in sulfuric acid after 30 min of pore opening process.
The FE-SEM images of the bottom side of the AAO membranes formed by two-step anodization of the highpurity Al substrate in 2 wt.% H 3 PO 4 at 175 V and 0°C are Fig. 7 for different pore opening/widening durations. The porous AAO membranes, synthesized by anodizing in phosphoric acid, exhibit the thickest barrier layer among the studied samples. Therefore, the pore opening/widening process was carried out in 10 wt.% H 3 PO 4 at 45°C.
As can be seen, after 30 min of pore opening, the bottom side of the AAO membrane is still closed. Only a few holes appeared at the centers of defects that are surrounded by non-hexagonally arranged pores (Fig. 7a) . After 40 min, some pores become opened but, most of them are still closed (Fig. 7b) . The through-hole AAO membrane with completely opened pores and the average pore diameter of about 244 nm is obtained after 50 min of chemical etching (Fig. 7c ). An interesting question may arise from the fact that we applied for anodization in phosphoric acid the potential of 175 V instead of a well-known self-ordering regime of 195 V, at which the best pore arrangement in AAO is observed [12] . Unfortunately, in many cases, rising potential above 160 V causes active dissolution of aluminum instead of stable growth of the porous oxide film. In our previous work, we proposed a strategy for fabrication of AAO membranes with a satisfying hexagonal arrangement at lower potentials (e.g., 175 V) by using an aqueous electrolyte with a methanol content [19] .
As we mentioned before, the structural features of throughhole AAO membranes such as: pore diameter, interpore distance, pore density (number of pores per 1 cm 2 ), and porosity were calculated for the samples anodized at different conditions and collected in Table 1 . The dependences between interpore distance, pore density, and anodizing voltage for samples fabricated in different electrolytes are shown in Fig. 8a and b, respectively. Also, the literature values of these parameters are illustrated as red lines. It is widely known that the interpore distance of the AAO membrane is linearly proportional to the anodizing potential with a proportionality constant of about 2.5 nm V −1
. The proportionality constant can slightly vary from 2.2 to 2.8 depending on anodizing conditions, especially anodizing electrolyte [21, 22, 39] . The excellent agreement between experimental and theoretical (literature) values can be observed in both cases. As can be expected, the interpore distance in AAOs and the pore density depend mainly on anodizing voltage, and the effect of other factors such as the type of electrolyte and temperature is negligible [12] .
Conclusions
In summary, we have demonstrated the fabrication of through-hole nanopore membranes by two-step anodization of aluminum in sulfuric acid, oxalic acid, and phosphoric acid electrolytes. The anodizations were performed in 0.3 M 0°C ). It was found that the rate of porous oxide growth depends on the type of anodizing electrolyte (the highest oxide growth rates were observed for anodizing in sulfuric acid, and the lowest oxide growth rates were recorded for anodic oxidation carried out in phosphoric acid), substrate purity (when the AA150 alloy was used as a starting material, the oxide growth rates were about 27% smaller), and anodizing voltage (an increase in anodizing potential results in a faster growth rate). Moreover, the oxide growth rate increases considerably with increasing anodizing temperature, and therefore, the time required for growth of thick AAO membranes in 0.3 M H 2 C 2 O 4 can be considerably shortened when anodization is carried out at 20°C instead of 1°C. It should be mentioned that although the pore order is worse when the anodization is carried out at higher temperatures, it is still satisfactory and acceptable for using nanoporous membranes as templates for fabrication of nanowire arrays [18] .
The barrier layer removal from the bottom side of AAO membranes was also investigated in detail. The procedure of wet chemical etching in phosphoric acid was carefully optimized for all studied membranes, and the effect of pore opening time on pore diameter was investigated. It was shown that the pore diameter can be tuned by careful adjustment of the etching conditions such as the electrolyte concentration and temperature. All structural features of nanoporous membranes together with anodizing and pore opening conditions are collected in Table 1 . The rate of pore widening was also estimated for various temperatures of 5 wt.% H 3 PO 4 used for dissolution of alumina formed in different electrolytes and anodizing potentials ( Table 1) . Fig. 7 FE-SEM images of the bottom side of the AAO membranes fabricated by anodizing of the high-purity Al substrate in 2 wt.% phosphoric acid at 175 V and 0°C after pore opening/ widening in 10 wt.% H 3 PO 4 at 45°C. The duration of the pore opening was 30 min (a), 40 min (b), and 50 min (c) Fig. 8 The influence of anodizing voltage on interpore distance (a) and pore density (b) of porous anodic alumina membranes formed by two-step anodizing of the high-purity Al substrate
